Objective: The present study aims to investigate the possible mechanisms of hematoporphyrin monomethyl ether (HMME) enhancing the cytotoxicity of ultrasound in osteosarcoma cells. Methods: Osteosarcoma cell line UMR-106 was treated by HMME and ultrasound radiation, with the HMME concentration kept at 20 mg/mL and ultrasound radiation for 10 seconds at the intensity of 0.5 W/cm 2 . Cell proliferation was investigated at 12, 24, 36, and 48 hours using MTT assay after ultrasound and HMME treatment. Ultrastructural morphology was observed using transmission electron microscopy (TEM). Intracellular reactive oxygen species (ROS) was measured using a flow cytometry with DCFH-DA staining and intracellular free calcium ion (Ca 2+ ) with Fluo-3-AM staining. Results: The UMR-106 cells proliferated rapidly in the sham radiation and HMME treatment alone group, but ultrasound-treated cells and HMME-ultrasound-treated cells proliferated slowly. There was a significant difference between HMME-ultrasound treatment and the controls, including ultrasound radiation, HMME treatment alone, and sham radiation (P < .05). TEM showed endoplasmic reticulum and mitochondrial swelling in the ultrasound-treated cells, and more cells presented apoptosis and necrosis after treatment with ultrasound and HMME together. Intracellular ROS and Ca 2+ in the cells increased more significantly after both ultrasound and HMME treatment than after ultrasound treatment alone. Conclusions: HMME could effectively enhance the inhibition effect of ultrasound on osteosarcoma cells. Intracellular ROS and Ca 2+ in the UMR-106 cells increased more significantly after the treatment of HMME and ultrasound together, indicating that the enhancement of HMME on ultrasound cytotoxicity to osteosarcoma cells possibly involves both intracellular ROS and Ca 2+ elevation.
Introduction
Osteosarcoma is a malignant tumor threatening young adults worldwide. It cannot be cured using current therapeutic strategies. [1] [2] [3] [4] New approaches to treat osteosarcoma effectively are being explored.
Recent experimental studies have revealed that sonodynamic therapy is a new and promising approach to treat malignant tumors. [5] [6] [7] [8] [9] Sonodynamic therapy deactivates malignant cells dependent on cytotoxic reactive oxygen species (ROS) produced by an ultrasound-activating sensitizer. 6, 7, 10 The sensitizers used in current research are primarily photosensitizers, for example, porphyrin and its derivatives. [5] [6] [7] [8] Exploring new sonosensitizers is one focus of our research. Recently, hematoporphyrin monomethyl ether (HMME), as a novel sensitizer, has been put forward in view of its advantageous physicochemical properties in China. 11, 12 Our previous study has shown that HMME could effectively enhance ultrasound cytoxicity to osteosarcoma in vivo. 4 The present study aims to investigate the changes of intracellular ROS and free calcium ion in osteosarcoma cells treated by HMME and ultrasound.
Materials and Methods Sensitizer
HMME was purchased from the Laboratory for Antimalarial Drug Research of the Second Military Medical University (Shanghai, China). A stock solution was made in ethanol at a concentration of 10 mg/mL and kept in the dark at -20°C.
Cell Culture
Osteosarcoma cell line UMR-106 was provided by Children Hospital, the Chongqing Medical University under the approval from the Ethics Committee of Chongqing Medical University. The cells were grown in Roswell Park Memorials Institute (RPMI)-1640 medium supplemented with 10% fetal calf serum (FCS, Gibco, Carlsbad, CA), 50 mg/mL penicillin, 50 mg/mL streptomycin, and 10 mg/mL neomycin. The cells were incubated at 37°C in a humidified CO 2 (5%) incubator.
Cell Proliferation Activity
The proliferative activity of the UMR-106 cells was assessed with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Briefly, the UMR-106 cells were incubated and randomized into 4 groups: sham radiation, HMME treatment alone, ultrasound radiation alone, and HMME-ultrasound treatment. For the HMME-ultrasound treatment, the cells were pretreated for 4 hours with HMME incubation (20 mg/mL) before the ultrasound exposure. The cells in the ultrasound radiation alone group were only exposed to ultrasound, but not incubated by HMME. Those in the HMME treatment alone group were only pretreated by HMME incubation without ultrasound radiation. And the cells in the sham radiation group were treated with neither ultrasound nor HMME. The ultrasound source was from CZF-2 Seapostar (Chongqing Haifu Technology Co Ltd, Chongqing, China). Therapeutic energy was emitted from a 1-cm diameter transducer with the working frequency of 10.5 MHz and the intensity was set at 0.5 W/cm 2 for the exposure of 10 seconds. The acoustic intensity was calibrated using hydrophone assay. The treated cells were then incubated at 37°C for 12, 24, 36, and 48 hours, respectively. The optical density (OD) of the dissolved formazan crystals was measured using an analyzer (Bio-Rad, Hercules, CA) at a wavelength of 490 nm.
Transmission Electron Microscopy
Transmission electron microscopy (TEM) was performed to indentify ultrastructural morphology of the treated cells 1 hour after ultrasound exposure. Fixed cells were postfixed in 2% OsO 4 , dehydrated in graded alcohol, and flatly embedded in Epon 812 (Electron Microscopy Sciences, Fort Washington, PA). Ultrathin sections (100 nm) were prepared, stained with uranyl acetate and lead citrate, and examined under an electron microscope (H-600; Hitachi, Tokyo, Japan).
Intracellular Reactive Oxygen Species
Intracellular ROS were measured using the flow cytometric method with 2,7-dichlorodihydrofluorecein diacetate (DCFH-DA) staining. The DCFH-DA was purchased from Sigma (St Louis, MO) and dissolved in ethanol to produce a 1 mmol/L stock solution. DCFH-DA (10 mmol/L) was added 3.5 hours before cells were exposed to ultrasound with the intensity of 0.5 W/cm 2 for 10 seconds. The cells were washed 3 times with phosphate buffer solution (PBS) and resuspended in PBS, and then analyzed using a FACS Calibur (Becton Dickinson, Franklin Lakes, NJ) with the excitation setting at 488 nm. Signals were acquired on the FL-2 channel. At least 10 000 cells per sample were acq uired in histograms, and data were analyzed by CellQuest software.
Intracellular Free Calcium Ion
Intracellular free calcium ion was detected using the flow cytometric method with Fluo-3-AM staining. The Fluo-3-AM was purchased from Biotium Inc (Hayward, CA) and dissolved in dimethyl sulfoxide (DMSO) to produce a 1 mmol/L stock solution. Fluo-3-AM (10 mmol/L) was added 3.5 hours before cells were exposed to ultrasound with the intensity of 0.5 W/cm 2 for 10 seconds. The cells were washed 3 times with free calcium buffer and resuspended in free calcium buffer, and then analyzed using a FACS Calibur (Becton Dickinson) with the excitation setting at 488 nm, and signals were acquired at the FL-2 channel. At least 10 000 cells per sample were acquired in histograms, and data were analyzed by Cell-Quest software.
Statistical Analysis
All data on means of 3 experiments were expressed as mean ± standard deviation (mean ± SD), and the difference between treatment groups was tested using one-way analysis of variance (ANOVA). A P-value of less than .05 was considered statistically significant.
Results

Proliferative Activity of the UMR-106 Cells
To assess the proliferative activity of the UMR-106 cells, the treated cells were incubated for 12, 24, 36, and 48 hours, respectively. The optical density (OD) reflecting cell proliferation activity was measured using MTT assay. The OD value increased rapidly in sham radiation and HMME treatment alone, but slowly in ultrasound radiation and HMMEultrasound treatment, and most slowly in HMME-ultrasound treatment along the observation time (P < .05). There was no significant difference in the OD value between HMME treatment alone and sham radiation (P > .05; Figure 1 ).
Transmission Electron Microscopy
The results from TEM showed the integrity of cell membrane and variety of cell nucleus of the UMR-106 cells in the sham radiation (Figure 2A ). No significant difference was observed in the UMR-106 cells of the HMME treatment alone group. Slightly swollen organs were found in the ultrasound-treated cells ( Figure 2B ). In HMMEultrasound group, the cells were seriously damaged and many more viable apoptotic and necrotic cells were observed ( Figures 2C and 2D ).
Intracellular Reactive Oxygen Species
The nonfluorescent fluorescein analogue DCFH-DA diffuses into cells and is oxidized by intracellular ROS to a highly fluorescent, 2',7'-dichlorofluorescein; fluorescence intensity is proportional to the amount of ROS in the cells. 13 In the present study, DCFH-DA, an oxidation-sensitive fluorescent probe was used to measure the intracellular ROS level. The fluorescent intensity of cells from flow cytometry with DCFH-DA staining showed that the spectral shift of the fluorescence curve to the right after HMMEultrasound treatment was more significant than after ultra sound radiation alone, which indicated that HMME enhanced ROS in the UMR-106 cells induced by ultrasound radiation (Figure 3 ).
Intracellular Free Calcium Ion
The calcium sensitive indicator Fluo-3-AM is a fat-soluble reagent, which was passively loaded into cells. On binding the cytoplasmic Ca 2+ ions, the Fluo-3-Ca 2+ complex emits a substantially increased fluorescence following excitation, with an intensity that is proportional to the amount of intracellular free calcium ion. 14 Proliferating activity of the UMR-106 cells 24 hours after the treatment of HMME and ultrasound radiation was assessed using MTT assay NOTES: HMME = hematoporphyrin monomethyl ether; MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide. The cells were incubated at a concentration of 20 mg/mL of HMME for 4 hours before ultrasound radiation for 10 seconds at the intensity of 0.5 W/cm 2 . Figure 2 . The ultrastructural morphology of the UMR-106 cells using TEM for 1 hour after the treatment of HMME and ultrasound radiation NOTES: TEM = transmission electron microscopy; HMME = hematoporphyrin monomethyl ether. A, Sham radiation. B, Ultrasound radiation alone. C and D, the treatment of HMME and ultrasound radiation together. free calcium ion. Flow cytometry showed the spectral shift of the fluorescence curve to the right after ultrasound radiation alone and HMME-ultrasound treatment, which was more significant after HMME-ultrasound treatment than after ultrasound radiation alone (Figure 4 ). It suggested that HMME enhanced intracellular free calcium ion in the UMR-106 cells induced by ultrasound radiation.
Discussion
Our previous study showed that HMME could significantly enhance the cytotoxic ability of ultrasound on osteosarcoma in vivo. 4 To investigate its possible mechanisms, osteosarcoma cell line UMR-106 was used in the present study. MTT assay showed that the OD reflecting cell proliferation activity increased rapidly under sham radiation and HMME treatment alone, but slowly in ultrasound radiation and HMME-ultrasound treatment, and most slowly in HMMEultrasound treatment along the observation time. It suggested that HMME could markedly enhance the inhibition effect of ultrasound on osteosarcoma cell growth. TEM reinforced the results from MTT assays and showed that the treatment of HMME and ultrasound together inhibited the proliferation of osteosarcoma cells by inducing necrosis and apoptosis.
Intracellular ROS accumulation is the main cause of cell death induced by photodynamic therapy and sonodynamic therapy. 6, 7, 11 The ultrasound-activated sensitizer produces cytotoxic ROS when it is excited from the ground state to the excited single state and the triplet state. 6, 7 Emerging evidence has shown that intracellular ROS significantly increased after ultrasound-activated HMME. 10 Our results from flow cytometry with DCFH-DA staining also confirmed that HMME induced a significant increase in ROS production in the UMR-106 cells induced by ultrasound radiation. Mitochondria and endoplasmic reticulum (ER) are the two important targets of intracellular ROS damage. 15, 16 Excessive ROS in tumor cells directly results in mitochondria and ER stress, damages to morphology and functions, 15, 17 and even cell death. This indicated that ROS played an important role in cell death induced by the treatment of HMME and ultrasound together.
The roles of intracellular calcium ion (Ca 2+ ), as a second messenger, have been implicated in regulating cell death pathways. 11 The increase of free calcium ion was responsible for necrosis or apoptosis induced by photodynamic therapy. 11, 18 In the present experiment with Fluo-3-AM, the concentration of intracellular calcium increased after ultrasound radiation and HMME-ultrasound treatment. The increase of Ca 2+ in the UMR-106 cells was more significant after the treatment of ultrasound and HMME together than after ultrasound radiation alone, demonstrating that HMME clearly enhanced the intracellular Ca 2+ level induced by ultrasound radiation. ER has generally been known as a major intracellular Ca 2+ storage site. 19 Elevation of free calcium ion in the UMR-106 cells after the treatment with HMME and ultrasound together indicated the efflux of Ca 2+ from ER into cytosol. The uptake of the released Ca 2+ by mitochondria is an important pathway that could lead to cell death. 19 Our findings indicated that ER stress and the elevation of intracellular calcium ion might be involved in the processes of cell death induced by the combined treatment of HMME and ultrasound. However, the mechanism of action of intracellular calcium ions needs further investigation in future studies.
Conclusions
The study results have shown that HMME could effectively enhance the inhibitory effect of ultrasound on osteosarcoma cells. Our results highlighted the importance of intracellular ROS and Ca 2+ elevation in cell death induced by treatment with HMME and ultrasound together, suggesting that the enhancement of HMME on the cytotoxic ability of ultrasound on osteosarcoma cells possibly involves both intracellular ROS and Ca 2+ elevation.
